Purpose of Review Treatment with trastuzumab is a cornerstone of human epidermal growth factor receptor 2 (HER2)-overexpressing breast cancer treatment, but carries an unfortunate risk of toxicity to the cardiovascular system. Here, we review recent findings on trastuzumab-associated cardiotoxicity, focusing on its incidence, diagnosis, and treatment. Recent Findings Screening with multigated acquisition scan (MUGA) or echocardiogram (ECHO) is recommended to assess cardiac function prior to and during trastuzumab therapy. Because trastuzumab-induced cardiotoxicity is typically reversible, cessation of trastuzumab and/or administration of first-line heart failure agents effectively restores cardiac function in most cases. Severe trastuzumab-induced cardiotoxicity is rare enough that the risk-benefit ratio still weighs in favor of its use in the vast majority of patients with HER2+ breast cancer. Summary An improved understanding of the pathophysiology underlying trastuzumab-induced cardiotoxicity and the identification of patients at highest risk will allow us to continue to safely administer trastuzumab in patients with breast cancer.
Introduction
According to the American Cancer Society (ACS), there will be over 255,000 new cases of breast cancer diagnosed in 2017, increasing the estimated total number of breast cancer survivors to more than 3.1 million living with or through their disease in the USA [1] . Improvements in survival rates have spurred a growing recognition of the importance of cancer survivorship and the management of toxicities. Cardiotoxicity during treatment and/or post-treatment is addressed by the growing field of cardio-oncology. Cardiovascular complications including heart failure and coronary artery disease have been a long-standing problem for patients treated for breast cancer due to the frequent use of anthracyclines (e.g., doxorubicin and epirubicin) and radiation to the chest as part of treatment [2, 3] . Risk of reduced left ventricular ejection fraction (LVEF) has been noted in a dose-dependent manner secondary to free radical generation from anthracycline use, even up to 30 years after treatment [2] . In addition, exposure of the heart to radiotherapy has been linked to a long-standing dose-dependent increased rate of This article is part of the Topical Collection on Clinical Trials * Kathryn J. Ruddy ruddy.kathryn@mayo.edu ischemic heart disease, especially in women with preexisting cardiac risk factors [3] . Over the past two decades, the introduction and use of trastuzumab therapy to treat the~20% of breast cancers that overexpress human epidermal growth factor receptor 2 (HER2) has brought unique challenges to the field of cardiooncology [4] . Some of the HER2-directed therapeutic agents (e.g., trastuzumab and lapatinib) that target and inhibit tyrosine kinase cellular signaling pathways have been shown to detrimentally impact the cardiovascular system in some patients [5] . Initial studies of trastuzumab in combination with chemotherapy demonstrated substantial improvements in progression-free and overall survival in patients with metastatic HER2+ disease, who previously had a very poor prognosis [6] [7] [8] [9] . Subsequently, large adjuvant clinical trials noted reduced recurrence rates with the use of 1 year of trastuzumab in combination with chemotherapy as adjuvant therapy for early-stage HER2+ breast cancer, and this treatment approach is now the standard of care [10] [11] [12] .
Continuous use of HER2-directed therapy (often including multiple years of trastuzumab) is recommended for treatment of patients with HER2+ metastatic breast cancer. Reductions in LVEF are relatively common during trastuzumab therapy, but usually these are reversible with an interruption in or cessation of trastuzumab therapy (+/− introduction of cardioprotective medications). This manuscript describes the current evidence regarding the incidence, diagnosis, and treatment of trastuzumab-related cardiotoxicity.
Pathophysiology of Trastuzumab Cardiotoxicity
The pathophysiology underlying cardiac dysfunction in patients treated with HER2-targeted agents is not well understood. HER2 is one of the tyrosine kinases of the epidermal growth factor receptor family of proteins. Preclinical studies have demonstrated that HER2 signaling is important for cardiac development in the embryo, survival of myocytes, and protection from cardio-toxins. Neuregulin, a ligand to the epidermal growth factor receptor pathway, typically acts on cardiac cells via the HER2 receptor to protect cells from stress [13, 14] . Blockade of HER2 receptors is thought to play a key role in mediating trastuzumab-induced cardiotoxicity by triggering a stress response (Fig. 1) . This makes the cardiac cells more susceptible to injury from other agents such as anthracyclines. Thus, trastuzumab is thought to interfere with the ligand binding-induced cardioprotective pathways that are needed for recovery from cardiac injury [16] [17] [18] . It is believed that exposure to trastuzumab leads to loss of contractility due to cellular stunning rather than myocyte death [19] . This theory is supported by the fact that the associated reductions in ejection fraction are frequently reversible.
Incidence, Timing, and Risk Factors for Trastuzumab-Related Cardiotoxicity
As we now have over two decades of experience administering trastuzumab, there is significant information available regarding the rates, timing, and long-term outcomes of trastuzumab-related cardiotoxicity [20] . In addition, patient and treatment characteristics that increase risk are well characterized. Table 1 lists the factors associated with heightened risk of trastuzumab-induced cardiotoxicity.
Rates and Long-Term Outcomes of Trastuzumab-Related Cardiotoxicity in Patients Treated With Curative Intent
Data from large adjuvant trastuzumab trials suggests that the proportion of patients who suffer asymptomatic LVEF declines during or after trastuzumab therapy in the curativeintent setting ranges from 4.1 to 30.1%, but rates of symptomatic congestive heart failure (CHF) are much lower (0.6 to 3.8%) [33] [34] [35] [36] [37] . In the Herceptin Adjuvant (HERA) Trial, a significant decrease in LVEF was defined as a drop in the ejection fraction of ≥10% points from baseline to an LVEF of less than 50% at any time. Compared to the observation arm, the 2-and 1-year trastuzumab arms were associated with Previous or concomitant anthracycline use [21, 24, [28] [29] [30] Previous left ventricle dysfunction [21, 22, 30] Previous radiation therapy [21, 29, 31, 32] a higher incidence of severe congestive heart failure (CHF, 0.0, 0.8, and 0.8%, respectively) and significant decrease in LVEF (0.9, 7.2, and 4.1%, respectively) [38] . Long-term follow-up of 7-9 years for the adjuvant trastuzumab trials have indicated a low incidence of later development of cardiac events. Despite advancing patient age supported by up to 10 years of serial screening by LVEF, there was no evidence of delayed cardiotoxicity attributable to trastuzumab that emerged in the HERA trial [38] . Long-term follow-up from NSABP B-31, a trial comparing adjuvant doxorubicin and cyclophosphamide (AC) followed by either weekly paclitaxel (AC-T, arm A); paclitaxel then trastuzumab sequentially (arm B); or paclitaxel plus trastuzumab concurrently followed by trastuzumab alone (arm C) in 1944 women with operable HER2+ breast cancer, demonstrated that 2.6% of those who received trastuzumab and 0.9% of those in the control group (AC-T) developed CHF [35] . Age ≥60, baseline LVEF between 50 and 55%, and antihypertensive use were associated with increased rates of cardiotoxicity. A decline in LVEF, defined as 16+% from any baseline or 10-15% from baseline to below the lower limit of normal, was noted at least once during follow-up in 15.4% patients in the AC-T group, 31.1% in the sequential group (AC-T followed by trastuzumab), and 27.1% in the concurrent group (AC-T with trastuzumab administered concurrent with the paclitaxel). The incidences of grade 2-4 CHF (with grade 2 defined as slight limitation of physical activity but comfortable at rest, grade 3 defined as marked limitation of physical activity but comfortable at rest, and grade 4 defined as inability to carry on any physical activity without discomfort), were 0.3, 2.8, and 3.3%, respectively, in these groups [11] . However, in the APT trial, in which 406 patients received only trastuzumab and paclitaxel for 12 weeks followed by 9 months of trastuzumab (with no anthracycline administered), only 2 patients (0.5%) developed symptomatic CHF and came off study, and only 13 (3.2%) developed a significant LVEF decrease, 11 of whom went on to complete the treatment protocol [33] . In BCIRG 006, comparing docetaxel-carboplatin-trastuzumab (TCH) to AC followed by docetaxel-trastuzumab (AC-DH) to AC followed by docetaxel (AC-D), the incidence of CHF was higher in the group receiving AC-DH (2.0%) than in the AC-D group (0.7%) or the TCH group (0.4%) (p < 0.001). In addition, significant decline in LVEF was more common in the AC-DH group than in the TCH group (18.6 vs. 9.4%, p < 0.001), with a rate of 11.2% in the AC-D group [39] . A subsequent meta-analysis of adjuvant treatment trials (n = 18,111) confirmed that adjuvant trastuzumab is associated with an increased risk of grade 3 and 4 CHF [RR 3.04 (95% CI 1.12 to 7.85; p < 0.00001)], but absolute rates are still low [40] . The majority of episodes of LVEF decline do not progress to clinical CHF, instead resolving quickly after cessation of therapy (often with medical intervention).
Rates and Long-Term Outcomes of Trastuzumab-Related Cardiotoxicity in the Metastatic Setting
The most common first-line chemotherapy regimen used to treat HER2+ breast cancer is currently taxane in combination with trastuzumab and pertuzumab. However, when trastuzumab was first introduced in 1997, its cardiotoxicity was less well understood, and anthracyclines were sometimes concurrently administered. In a seminal paper published by Slamon et al. in the New England Journal of Medicine in 2001, symptomatic or asymptomatic EF cardiac dysfunction occurred in 39 (27.2%) of 143 patients receiving doxorubicin and cyclophosphamide (AC) and trastuzumab concurrently, in 8.1% of patients receiving AC alone, in 13.2% of patients receiving paclitaxel and trastuzumab, and in 1.1% of patients receiving single-agent paclitaxel in a clinical trial [7] .
In subsequent clinical trials of trastuzumab combined with non-anthracycline chemotherapy or endocrine therapy for metastatic disease, lower rates of cardiotoxicity were noted (0 to 1%) [9, [41] [42] [43] . Adding pertuzumab, another HER2-directed humanized monoclonal antibody, to trastuzumab does not appear to increase these risks in recent clinical trials [44, 45] . Thus, the results from repeated echocardiographic monitoring on clinical trials demonstrate that the incidence of LVEF decline in patients receiving modern trastuzumabbased regimens without concurrent anthracycline is low, especially in patients without a low baseline LVEF [33, 39, [46] [47] [48] [49] [50] . These data, along with the high rate of reversibility for trastuzumab-induced cardiotoxicity, favor continued trastuzumab use even in the face of asymptomatic LVEF declines [34, 38, 51] .
Other Data on Rates and Long-Term Outcomes of Trastuzumab-Related Cardiotoxicity
A large meta-analysis (n = 29,598) of randomized and cohort studies demonstrated that the risk of cardiac toxicity is likely very low if none is seen during the first year of treatment [52] . Combining 58 studies, severe cardiotoxicity occurred in 3% of patients and the risk did not increase significantly over time. Age was a predictive factor for trastuzumab-induced cardiotoxicity (2.31% for <50 years of age, 3.46% for 50-59 years of age, and 4.91% in those >60 years of age). The study found the incidence of cardiotoxicity to be higher in patients with tobacco dependence (5.3%), dyslipidemia (3.9%), body mass index (BMI) ≥25 (6.5%), diabetes (6.2%), hypertension (5.5%), and prior history of cardiac disease (19.1%). Different comorbidity burdens may partly account for the significant variability in the rates of trastuzumab-induced cardiotoxicity between different studies.
Retrospective cohort studies have sometimes noted a higher rate of LVEF decline with trastuzumab use than have clinical trials, possibly due to real-world use in older patients with more cardiac comorbidities that are typically excluded from clinical trials [53] [54] [55] . In a retrospective study of 12,500 women diagnosed with breast cancer (mean age = 60 years, range = 22-99 years), the risks of cardiotoxicity (defined as LVEF <40% or a documented qualitative description of moderate or severely reduced systolic function) in the anthracycline, trastuzumab, and anthracycline + trastuzumab groups were 1.2, 3.6, and 6.2%, respectively, but these risks were found to have increased to 4.3, 12.1, and 20.1% after 5 years [53] . A different study of over 9500 breast cancer patients who were at least 66 years of age (with median age = 71 years) identified higher rates of CHF in trastuzumab users (29.4% in trastuzumab users vs. 18.9% in non-trastuzumab users, p < 0.001) [54] . Finally, in another study of 45,537 older women (mean age = 76.2 years), the rates of cardiomyopathy [as defined by claims with HF or CM diagnoses according to the International Classification of Disease, 9th Revision, Clinical Modification (ICD-9-CM) codes] were 32.1 and 41.9% in patients receiving trastuzumab and anthracycline + trastuzumab, respectively (p < 0.001) [55] . However, it is possible that using administrative codes to identify these end points may overestimate their prevalence (perhaps because providers use these diagnosis codes when they are ordering tests to assess cardiac function).
Monitoring Trastuzumab-Induced Cardiotoxicity Recommendations From the Package Insert
Due to the cardiotoxic effects of trastuzumab, the trastuzumab package insert recommends monitoring LVEF with an echocardiogram or multigated acquisition (MUGA) scan at baseline immediately prior to starting trastuzumab, every 3 months during treatment, upon completion of trastuzumab, and every 6 months for 2 years after completion (in the adjuvant setting) [56] . There is no specific indication in the insert that monitoring should be stopped or made less frequent at a certain point for patients with metastatic disease. When LVEF decline by ≥16% from baseline or a decrease in LVEF by ≥10% from baseline to a value below institutional limits of normal is identified, it is suggested that trastuzumab be held for up to 8 weeks with repeat LVEF measures at 4 and 8 weeks. If LVEF returns to normal limits with an absolute decrease from baseline of ≤15%, it is recommended that trastuzumab be resumed. The insert recommends that trastuzumab be permanently discontinued in the setting of LVEF decline that lasts more than 8 weeks or if trastuzumab has been held on three or more occasions for cardiomyopathy.
Guideline Recommendations
In contrast to the insert, the National Comprehensive Cancer Network (NCCN) specifies that optimal LVEF monitoring frequency during adjuvant therapy is not known [12] . The 2012 European Society of Medical Oncology (ESMO) guidelines differ for patients with metastatic disease in that they recommend baseline assessment of LVEF and infrequent monitoring in case of asymptomatic cardiac dysfunction [57] , whereas in the adjuvant setting, they are more specific, recommending monitoring of cardiac function at baseline; 3, 6, and 9 months during treatment; and then 12 and 18 months following treatment (fewer tests than the package insert recommends) [57] . The American Society for Clinical Oncology (ASCO) recommends LVEF monitoring at baseline and as deemed necessary by the physician during treatment for asymptomatic patients at risk for cardiac dysfunction with both localized and metastatic disease. The recommended testing frequency is said to be based on clinical judgment and patient circumstances. For individuals with clinical signs or symptoms concerning for cardiac dysfunction, a diagnostic assessment of LVEF is recommended during and/or after treatment. The ASCO guidelines also recommend the consideration of echocardiography between 6 and 12 months after completion of trastuzumab in asymptomatic patients considered to be at increased risk of cardiac dysfunction (based primarily on older age, comorbidities, and if anthracycline was also administered) [58] .
Areas of Controversy Regarding Frequency of Cardiac Monitoring
Several recent publications have called aspects of these cardiac monitoring recommendations into question [59] [60] [61] . The intent of intensive monitoring is to identify asymptomatic cardiac dysfunction (stage B heart failure) to allow drug hiatus and medical management that will prevent the development of heart failure. However, the true value of this cardiac monitoring is uncertain, particularly in patients with metastatic disease. Since the implementation of guidelines, it has been noted that many of the declines in LVEF are asymptomatic, potentially reversible, and not necessarily predictive of future CHF. Frequent cardiac monitoring in all patients treated with trastuzumab may lead to withdrawal of essential HER2-directed therapy and suboptimal oncologic care in response to findings that may ultimately be of little clinical impact. If clinicians and patients decide that the value of trastuzumab for controlling breast cancer growth outweighs any recommendation to hold or stop treatment for asymptomatic LVEF decline, cardiac monitoring is not warranted or should at least be done less frequently. Even in the adjuvant setting, serial cardiac monitoring as currently recommended may be excessive and not cost-effective for the vast majority of patients with no exposure to anthracycline-based regimens and few baseline cardiac risk factors.
Additional Monitoring Modalities
Although current guidelines recommend echocardiogram or MUGA scans, there have been concerns regarding the limitations of echocardiography as it requires an adequate acoustic window, LVEF measurements have inherent variability, and LVEF decline only occurs after considerable cardiomyocyte dysfunction [62] . A false-positive decline in LVEF could have the detrimental effect of leading the clinician to discontinue valuable cancer-directed therapy. The least temporal and interobserver variability has been seen with use of threedimensional echocardiography [63] . A pilot study looking at the feasibility of cardiac MRI monitoring noted reduced longitudinal and circumferential strains at 6 months that reflected subclinical LV dysfunction and might assist with borderline detection of cardiotoxicity at an earlier stage. However, the predictive value of reduced strain for subsequent clinically significant heart failure was not determined and the results were not directly compared to echocardiography [64] .
Myocardial strain, which measures myocardial deformation, has been considered as a surrogate marker for detecting early subclinical myocardial injury. However, currently there is no consensus on the threshold for change in global longitudinal strain due to factors such as variability in strain measurements, differences in strain values between vendors, and analysis software. As a result, serial measurements of global longitudinal strain appear to be more useful for predicting early cardiotoxicity. The American Society of Echocardiography suggests a threshold change in global longitudinal strain by >15% during cancer treatment to define cardiotoxicity [65] . Results from the ongoing multicenter, randomized controlled trial, SUCCOUR (Strain Surveillance During Chemotherapy for Improving Cardiovascular Outcomes), will help identify whether strain is a better marker than LVEF for earlier detection of cardiotoxicity [66] .
Current limitations of LVEF measurement as the standard of monitoring have also prompted research into the utility of blood-based biomarkers as an alternative monitoring strategy in hopes of detecting cardiotoxicity before significant myocardial damage occurs. One of the most studied biomarkers is cardiac troponin. The 2016 European Society of Cardiology (ESC) position paper on cancer treatments and cardiotoxicity heavily emphasizes the importance of identifying patients with preexisting cardiovascular disease prior to initiating cardiotoxic oncologic treatments in order to decide who might benefit from serial troponin tests in addition to LVEF monitoring [21] , but troponins have not yet been widely accepted in the USA as a routine blood-based biomarker of cardiac dysfunction during or after trastuzumab. A recent review of cardiac biomarker studies involving trastuzumab-treated patients noted that troponin elevation is generally only detected in patients who have been pretreated with anthracyclines. This is likely because trastuzumab usually causes impaired contractility rather than actual myocyte loss. Also, even in the setting of prior anthracyclines, it is difficult to measure troponins frequently enough to be useful, and when elevations occur, they are not always predictive of LVEF reduction. Furthermore, the optimal assay and the definition of positivity remain controversial [67] . Another biomarker of interest is NT-proBNP, but this has not yet been found to be of use for detecting cardiotoxicity from trastuzumab [67, 68] . Ongoing clinical trials are evaluating the use of cardiac MRI and biomarkers such as BNP and troponin I for detecting and treating asymptomatic chemotherapy-induced cardiotoxicity [69] .
Adherence
Perhaps due in part to the controversies regarding optimal cardiac monitoring strategies, a large retrospective study noted poor adherence to guideline-directed cardiac monitoring. Adequate cardiac monitoring, defined as having a baseline cardiac evaluation (with echocardiogram or MUGA scan within 4 months before first trastuzumab dose) and subsequent follow-up cardiac evaluation at least every 4 months while receiving trastuzumab therapy, occurred in only 17.4% of 2203 patients. Interestingly, patients with cardiac comorbidities were no more likely to receive adequate cardiac monitoring [70] . It was noted that physician characteristics were more likely to influence adherence to cardiac monitoring than patient factors. As aspects of the current cardiac monitoring guidelines are further scrutinized and adjusted, it will be important to continue to assess compliance and cost effectiveness.
Preventing Trastuzumab-Induced Cardiotoxicity
Optimal prevention strategies for cardiotoxicity from trastuzumab are unknown. However, one clearly effective approach is to minimize sequential or concurrent anthracycline use. A drop in the frequency of anthracycline administration for breast cancer has occurred over the last decade due to the availability of novel efficacious non-anthracycline-based regimens (e.g., TCH) [39, 71] . One study showed that 51% of early-stage breast cancer patients receiving chemotherapy now receive taxane-based chemotherapy, while only 32% receive anthracycline-based chemotherapy (though that study was not focused on patients with HER2+ disease) [72] . This trend will lower the cardiac risks from trastuzumab for the average patient, though anthracyclines will likely continue to be administered to patients with higher risk of recurrence (including those treated on the currently enrolling large ISPY-2 trial).
Other potential prevention strategies involve cardioprotective drugs. Although observational studies and retrospective reviews of trial data from patients receiving trastuzumab therapy have indicated a possible decrease in incidence of new heart failure events with beta blocker (BB) use and complete or partial recovery of cardiac function with guideline-directed heart failure treatment [73, 74] , randomized clinical trial data are inconclusive. The Multidisciplinary Approach to Novel Therapies in Cardiology Oncology Research (MANTICORE) 101 study randomized patients with HER2+ early-stage breast cancer to receive perindopril (angiotensin-converting enzyme inhibitor, ACEI), bisoprolol (BB), or placebo (1:1:1) for the duration of adjuvant trastuzumab therapy. Though declines in LVEF were reduced by 3% with prophylactic ACEI and 1% with prophylactic BB use, the primary outcome of left ventricular remodeling was not prevented post cycle 17 of trastuzumab therapy. It was also noted that the population in the trial was young with few baseline cardiovascular risk factors. Upcoming 24-month cardiac MRI results will further clarify long-term outcomes in this study [75] . The Prevention of Cardiac Dysfunction During Adjuvant Breast Cancer Therapy (PRADA) study assessed the value of prophylactic angiotensin receptor blocker (ARB) and BB therapy in patients receiving anthracycline-based chemotherapy with or without trastuzumab. When compared to placebo in a 2 × 2 factorial design, less LVEF reduction from baseline (0.8%) was noted in the candesartan group (ARB) compared to placebo (2.6%, p = 0.026). Metoprolol (BB) was not found to have an effect on LVEF decline either alone or with candesartan (ARB) [76] . Another randomized clinical trial of candesartan (ARB) vs. placebo during trastuzumab therapy identified no statistically significant difference in the incidence of LVEF decline between the groups [77] , suggesting that the benefit of using this drug preventively is likely modest at best in this setting. A recent review noted that these studies have all been small with a short average follow-up of approximately 6 months. These trials have also not been powered to assess clinical outcomes, instead measuring LVEF as a primary end point. It has been questioned if the observed reduction in LVEF decline is of clinical relevance [78] .
Ongoing research in this area includes a phase II randomized clinical trial evaluating lisinopril (ACEI) or carvedilol (BB) in breast cancer patients receiving adjuvant or neoadjuvant trastuzumab therapy. The target accrual is 468 participants, and the primary outcome will be the incidence of cardiotoxicity and changes in LVEF [79] . The SAFE trial is a phase III randomized clinical trial that will evaluate potential preventive effects of bisoprolol (BB) and ramipril (ACE) on cardiotoxicity in nonmetastatic breast cancer patients exposed to neoadjuvant or adjuvant anthracyclines and/or trastuzumab in a fourarm, placebo-controlled design. The primary outcome will be changes in LVEF based on serial cardiac monitoring as well as maximum LVEF change [80] .
The American College of Cardiology Foundation/ American Heart Association (ACCF/AHA) guidelines suggest several lifestyle modifications and optimization of risk factors that might help minimize the risk of heart failure during and after trastuzumab therapy. Smoking cessation is encouraged as it is strongly associated with increased heart failure incidence in the general population. Heavy use of alcohol, defined as consuming 15 drinks or more per week for men and 8 drinks or more per week for women, has been associated with increased heart failure risk in the general population as well. Extrapolating observations in the general population to those on trastuzumab therapy, treatment of hypertension with diuretic-based therapy along with ACEIs, ARBs, and BBs may add benefit too. Hyperlipidemia should be managed aggressively with statin medications, and efforts to achieve a normal BMI via diet and exercise are encouraged. Exercise is known to improve functional status and reduce mortality in patients with CHF in the general population [81] . The Mediterranean diet, high in fruits, vegetables, nuts, cereals, fish, and olive oil with moderate red wine consumption and minimal amounts of red meat and dairy products, has been linked to beneficial effects on vascular disease, blood pressure, glycemic control, and lipids [82, 83] . However, evidence is limited and variable regarding cardio-protection from diet in the general population [84] , and almost non-existent in patients receiving trastuzumab specifically. Aggressive glycemic control is also recommended in guidelines despite a paucity of evidence that this will decrease heart failure risk. Salt restriction is likely not appropriate as a preventive measure unless symptoms or signs of reduced LVEF develop. Treatment of sleep apnea with continuous positive airway pressure (CPAP) increases LVEF and improves functional status in heart failure patients [85] .
Treatment for Trastuzumab-Induced Cardiotoxicity
Expert consensus recommendations suggest treatment with first-line heart failure medications and early cardiology consultation if symptoms or signs of trastuzumab-induced cardiotoxicity develop [86] . ACEIs/ARBs and BBs are appropriate first-line agents followed by loop diuretics, hydralazinenitrates, and aldosterone antagonists per the ACC/AHA guidelines [85] . Newer agents may also be of benefit such as the neprilysin-angiotensin receptor antagonist, sacubitrilvalsartan, and the I f channel inhibitor, ivabradine [78] . For advanced heart failure, cardiac resynchronization therapy, mechanical circulatory support, and orthotopic heart transplant may be of benefit [87] . However, data are scant pertaining to the impact of traditional heart failure treatments in patients who develop cardiotoxicity from trastuzumab [78] .
Current guidelines recommend at least temporary discontinuation of trastuzumab therapy if significant decline in LVEF is detected via monitoring, symptomatic or asymptomatic. However, a retrospective study of 92 patients who experienced asymptomatic trastuzumab-induced LVEF declines found no development of heart failure at follow-up despite continued trastuzumab therapy in 34% of the patients [88] . The SAFE-HEaRt study is a single-arm pilot study that is currently exploring the safety of continuing trastuzumab despite significant LVEF decline to 40-49% [89] . These studies are important as they may allow for continuation of important oncologic therapy with close monitoring in cases of asymptomatic LVEF decline.
Referral to a cardiologist is recommended once an abnormal baseline LVEF or significant decrease in LVEF during monitoring is noted to ensure early treatment of myocardial injury [86] . Additionally, referral to a cardio-oncology provider prior to initiation of trastuzumab-based therapy in those at highest risk for developing trastuzumab-induced cardiac complications is recommended. A recent large study assessed the quality of cardiac care provided to cancer patients diagnosed with left ventricle dysfunction associated with chemotherapy. Poor physician (oncologist) adherence to guidelinerecommended heart failure therapy was noted (78% for ACEI/ARB, 70% for BB, 65% combination). Cardiology consultation was associated with an improved rate of guideline adherence (100 vs. 52% for ACEI and 94 vs. 41% for BB) [90] . The importance of cardiology consultation is further reinforced by a recent survey showing considerable disparity in the practices of oncologists in regards to cardiotoxicity [91] .
Conclusion
The development of either asymptomatic or symptomatic cardiotoxicity with trastuzumab therapy can complicate the treatment of HER2+ breast cancer. In most patients, the risk of cardiotoxicity is justified given the substantial improvements in breast cancer-related outcomes provided by trastuzumab. Current guidelines include routine monitoring with serial echocardiography, but this is likely most important for patients without metastatic disease and with more risk factors for cardiotoxicity (e.g., older age, obesity, hypertension, diabetes). Ongoing research pertaining to optimal cardiac surveillance and prevention strategies that are tailored to individual cardiac risks and trastuzumab-related oncologic benefits will inform best practices going forward.
Compliance With Ethical Standards
Conflict of Interest The authors declare that they have no competing interests.
Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
Source of Funding K.J.R. was supported by a training grant under the CTSA Grant Program Numbers UL1 TR000135 and KL2TR000136-09 from the National Center for Advancing Translational Sciences (NCATS) of the NIH. The contents of this paper are solely the responsibility of the authors and do not necessarily represent the official view of NIH.
